The widespread occurrence of sexual organisms despite the high costs of sex has long intrigued biologists. The best known costs are the two-fold cost of producing males and the cost associated with producing traits to attract mates and to interact with mating partners, such as exaggerated sexual behaviors and morphological modifications. These costs have been inferred from studies of plants and animals but are thought to be absent in facultative sexual microbes. Here, using the facultative sexual fungus Cryptococcus neoformans, I provide experimental evidence showing that: (i) interactions with active sexual partners can be costly for vegetative fitness in a facultative sexual microbe; (ii) this cost is negatively correlated to mating ability; (iii) this cost is comprised of at least two distinct components: the cost of producing mating signals that exert effects on mating partners and that associated with responding to active mating partners; and (iv) extended asexual reproduction can reduce both components of the cost. This cost must have been compensated for by the production of zygotes and sexual spores to allow the initial evolution and spread of sexual reproduction in eukaryotes.
Sex and sexual reproduction are widespread among eukaryotes (Bell 1982) . Mating -the fusion of genetically differentiated gametes -is an essential feature of all sexual reproductive cycles. Evolutionary studies indicate that eukaryotic sexual reproduction has an ancient origin: it likely evolved among the first eukaryotic microbes (Michod and Levin 1988; Dacks and Roger 1999) . The ubiquitous distribution of sex and sexual reproduction among all eukaryotic phyla suggests an essential role of sexual reproduction in the diversification and evolution of eukaryotes. However, theoretical and empirical investigations of sexually dimorphic eukaryotes such as insects, birds and mammals suggest that sex and sexual reproduction can be costly (Michod and Levin 1988) , the most discussed being the two-fold cost of producing males and the cost associated with producing exaggerated sexual behaviors and morphological modifications (Bell and Koufopanou 1986; Michod and Levin 1988) .
However, these costs are thought to be absent in facultative sexual microbes.
Unlike obligate sexual organisms such as the majority of higher plants and animals, sex and reproduction can be easily separated in facultative sexual microbes (Xu 2004a) . One major component of sexual fitness in all sexual eukaryotes is mating success rate (Bell and Koufopanou 1986; Xu, 1995; Xu et al. 1996) . In many microbial eukaryotes, mating between compatible partners occurs only under certain stressful conditions. In these conditions, both mating (i.e. the formation of zygotes) and vegetative growth of individual mating partners may occur. Using appropriately marked strains, all three cell types (i.e. the two parental types and the zygotes) in such a mating mixture can be directly counted using selective media. From these cell counts, the mating success rate and the relative vegetative fitness of the parental strains can be estimated. The vegetative fitness of individual parental strains in the presence of an active mating partner may change in comparison to that in the absence of such a partner. If the vegetative fitness were lower in the presence of an active mating partner, the reduction would constitute one type of cost of sex, i.e. the cost of interacting with a mating partner. Surprisingly, such a cost has never been evaluated or documented for any facultative sexual organisms.
Here, I used genetically marked strains of the facultative sexual fungus Cryptococcus neoformans to examine whether such a cost exist. C. neoformans is an encapsulated basidiomycetous yeast (Casadevall and Perfect 1998) and is an emerging model organism for studying fungal molecular and evolutionary biology (e.g. Lengeler et al. 2000; Hull and Heitman 2002; Xu 2002 Xu , 2004b Xu and Mitchell 2003) . It has a well-established mating and genetic manipulation system. The mating system in C. neoformans is controlled by one large locus with two alternative alleles, a and α α α α (Kwon-Chung 1976; Lengeler et al. 2002) . When parental cells of opposite mating types are mixed on a nitrogen-limiting media and incubated at a temperature below 30 o C, each parental yeast cell may take one of the following two reproductive paths.
In the first path, the parental yeast cells of opposite mating types may fuse to form zygotes. In C. neoformans, both the MATa and the MATα cells can secrete sex pheromones and release them into the surrounding medium (Hull and Heitman 2002) . In response to pheromones from the opposite mating types, the MATα cells may make conjugation tubes and the MATa cells may expand in size (Hull and Heitman 2002; McClelland et al. 2004 ). These morphologically differentiated MATa and MATα cells then may fuse and form diploid or dikaryotic zygotes. The zygotes can be detected after about 12hr of incubation and are abundant at about 20-24hr (Xu 2002; Yan et al. 2004) . At this time (i.e. after 20~24hrs of coincubation), the zygotes may produce hyphal filaments that gradually intertwine among each other to form microscopic mycelial mats. After a few more days of incubation, the ends of some mycelia may enlarge and form basidia within which nuclear fusion and meiosis may occur. Four chains of basidiospores, the sexual spores of C. neoformans, are then produced from each basidium. Each basidiospore contains a recombinant haploid nucleus, the product of meiosis. Because after about 20-24hr the zygotes form hyphal filaments that can intertwine with each other and are difficult to separate for counting, an accurate estimate of zygote number is often difficult to obtain beyond this time point. Therefore, mating success rate is typically estimated within 24hr of incubation (Xu 2002) . The mating process in C. neoformans is different from that of the baker's yeast Saccharomyces cerevisiae where hyphal formation is not part of the sexual reproduction process (Guthrie and Fink 1991) .
In the second path, the parental cell does not fuse with that of opposite mating types but instead reproduces asexually through mitosis. However, because these cells are exposed to their mating partners, their rates of asexual reproduction may change. 
MATERIALS and METHODS

Strains
Two strains, JEC50 (MATα ade2) and MCC3 (MATa cna ura5), were used as parental strains to assay the potential cost of sex. These two strains belong to C. neoformans var.
neoformans (serotype D) and were haploid and isogenic except for the indicated loci (KwonChung et al. 1992; Sia et al. 2000) . Two other isogenic strains JXC4 (MATα cna ura5) and JEC61
(MATa ade2) were used as controls in mating experiments. These four strains are used to determine the potential cost of interacting with sexual partners in three medium conditions. Because strains with auxotrophic markers were used in the above assay, these markers might have contributed to our estimations of vegetative fitness. To test and control for this potential effect, an additional set of controls was used. In this set, strains with auxotrophic markers identical to the JEC50 (MATα ade2) and MCC3 (MATa cna ura5) pair but with the same mating type were mixed. Specifically, the MATα JEC50 cells were mixed with another MATα strain, JXC4 (MATα cna ura5), and the MATa MCC3 cells were mixed with another MATa strain, JEC61 (MATa ade2). The procedures for this set of controls were the same as that between JEC50 and MCC3 and eight repeats were done for each pairing.
Mating Success Rate and Vegetative Fitness Determination
After incubating In total, 72 pairing mixtures (3 strain pairs X 3 media X 8 repeats each) and 96 negative controls of single parental strains (4 strains X 3 media X 8 repeats each) were set up to examine the potential cost of interacting with mating partners. A total of 2016 screens (168 X 4 dilutions X 3 plating media for counting cells) were performed for quality control and for determining cell numbers of all three types of cells in each mating mixture for all three media environments.
Relationship between the Cost of Sex and Mating Success Rate
For each of the 64 MA clones, tests for mating ability and vegetative fitness in the presence and absence of active mating partners were determined using a protocol identical to that described above. However, among the three media mentioned above, only SS∆N agar showed a cost of sex (see below), therefore, only medium SS∆N was used for the 64 MA clones. The 32 MA clones from strain JEC50 were paired with the original clone of MCC3 while those from strain MCC3 were paired with the original clone of JEC50. A total of 64 pairing treatments were made and three replicates were performed for each pairing. Coupled to these 64 pairings were 64 negative controls with each containing a single MA clone. A total of 4608 screens (128 treatments X 3 repeats X 4 dilutions X 3 plating media) were performed for control and for determining cell numbers of all three types of cells in each treatment.
Data Analysis
Cell counts from each of the three media, YEPD, SD∆N, and SD+5FOA, were determined for each repeat of each treatment. The counts of MCC3 (and JXC4) and mated zygotes were directly obtained from the cell counts on SD+5FOA medium and SD∆N medium respectively. The counts of JEC50 and JEC61 were obtained as the colony numbers from YEPD medium minus the numbers from those on SD+5FOA and SD∆N media.
The vegetative growth rates (generation time) of individual strains on respective media
were estimated based on cell number increases over the 24hr period, using the logistic growth model. Mating ability was calculated as the ratio between mated cells (obtained on SD∆N medium) and the total number of cells (obtained on YEPD medium) in the mating mixture.
The cost of sex was calculated as the percent reduction in vegetative fitness (i.e. the percent increase in generation time) between cultures in the presence of active mating partners and those in the absence of active mating partners. In our case:
Where Csex refers to the cost of sex, Gp is the generation time in the presence of active mating partners, and Ga is the generation time in the absence of active mating partners.
The reduction in the cost of sex among MA clones was calculated as the percent decrease in the cost over the original clones of strains JEC50 and MCC3. In all calculations, the zygotes were counted toward the parental cell counts of both parents for each mating.
Statistical significances of vegetative fitness changes and the reductions in the cost of sex were determined using Student's t-test (Sokal and Rolhf 1981) . The relationships among phenotypic traits were assessed using programs implemented in Microsoft Excel.
RESULTS
A Cost of Interacting with Mating Partners in the Nitrogen-limiting Medium, SS∆ ∆ ∆ ∆N
Agar
In mating mixtures on a nitrogen-limiting medium, SS∆N agar, the mean generation times of strains JEC50 and MCC3 increased by over 10.1% and 8.9% respectively relative to those in the absence of compatible mating partners (Table 1) . While both reductions were statistically significant (P<0.01), there was no difference in the amount of reduction between the two strains with different mating types (P>0.9). As expected, we observed no difference between the two negative control groups. The pairing involving strains with different auxotrophic markers but identical mating type exhibited no reduction in vegetative fitness compared to those by themselves individually (data not shown).
This ~10% reduction in vegetative fitness of the two original clones in the presence of compatible mating partners was medium-specific. On nitrogen-rich agar media such as SS and YEPD, no mating was observed and there was no difference for either parent in vegetative growth rates between those with and without compatible mating partners (data not shown).
Correlation between the Cost of Sex and Mating Success Rate
The above results suggested that the reduction of vegetative fitness was due to the presence of active mating partners. Therefore, we proceeded to test the hypothesis that this cost should be reduced for strains with reduced mating abilities. Indeed, when the MA clones with reduced mating abilities were mixed with the original clones of opposite mating types on SS∆N agar, their cost of sex was reduced relative to those of the original clones. Figure 1 shows the changes in the cost of sex for each of the 16 MA lines. A summary result of the 16 MA clones from the 30 th transfer (i.e. after 600 mitotic generations of mutation accumulation) is presented in Table 2 . As expected, among these MA clones, there was a negative correlation between mating success rate and the relative vegetative fitness in the presence of active mating partners (Pearson correlation co-efficient r = -0.777, p<0.0001; Figure 2a ). This result is consistent with the hypothesis that the cost of sex is greater with increasing mating ability.
The reduction in the cost of interacting with mating partners among the MA clones was not due to greater intrinsic vegetative fitness of these clones. In fact, compared to the original clones, after 600 generations of mutation accumulations, the vegetative fitness of all MA clones decreased slightly in the absence of mating partners on SS∆N agar (Table 2) . Among the MA clones, these two vegetative fitness components were positively correlated (r=0.651, p=0.006; Figure 2b ), indicating that at least some of the accumulated mutations have deleterious effects on vegetative fitness in both testing environments (i.e. the presence and absence of mating partners on SS∆N agar). However, there was no significant correlation between vegetative fitness in the absence of active mating partners and the relative mating ability.
Two Types of Cost of Interacting with Mating Partners
Sexual mating in eukaryotes is a highly complex and interactive process. Current evidence suggests that in C. neoformans, pheromone production, secretion, and reception;
conjugation tube formation; cell size change; cell-cell recognition, and fusion are controlled by multiple signal transduction pathways Hull and Heitman 2002; McClelland et al. 2004 ). When active mating partners are incubated together, the cost of interaction on vegetative fitness may contain three components: the cost of producing mating signals that will exert its effect on its mating partners, the cost associated with responding to mating signals from its mating partners, and the mating partner-specific interaction effects.
In a typical mating, the individual influences of these three components cannot be determined because only the total effect is measurable and expressed in a change of relative vegetative fitness. However, when MA clones are compared to their original clones, the reductions in two of the three costs may be obtained, assuming that the interaction effect is negligible (however, see below in the Discussion section). One reduction refers the effect of mutations that decreases mating signal production, secretion and other associated traits that exert effects on mating partners. Assuming the original clone had the same capacity to respond to different mating partners, this reduction could be estimated by comparing the vegetative fitness of the original clone in two environments: (i) in the presence of the MA clones of the opposite mating type; and (ii) in the presence of the original clone of the opposite mating type (i.e. the progenitor of the MA clone). Indeed, a significant reduction in this cost was observed among the MA clones (Table 2 ). Compared to the original clones, the MA clones from generation 600 imposed an average cost of 74.525% (SD+17.173%, N=16) of their original ancestral clones to their mating partner (Table 2) . MA clones from the two mating type backgrounds showed a similar rate of reduction in this cost ( Table 2 ).
The second type of reduction was that associated with responding to active mating partners. To estimate this reduction, we assumed that the two original clones maintained the same capacity for exerting costs on mating partners. Therefore, in mating mixtures between the MA clones of one mating type and the original clone of the opposite mating type, the relative change in the cost of sex of the MA clones (in relation to their progenitor clone) would be the result of altered response to the same mating partners. After about 600 mitotic generations, these MA clones showed an average of 41.974% (+23.186%) of the cost of their progenitor clones (Table 2 ). Similar to the reduction in cost exerted on mating partners, there was no significant difference between the MA lines from JEC50 and MCC3 in the reductions of cost associated with responding to mating partners. Overall, this rate of reduction was significantly greater than that for effects exerted on mating partners (Student's t=4.606, p<0.001). These two reductions of costs were not correlated (r=0.276, p=0.301). 
DISCUSSION
This study unambiguously demonstrated that interacting with active mating partners in a facultative sexual microbe can incur a cost. Among clones derived from a laboratory mutation accumulation experiment, this cost of sex was positively correlated to mating ability -the greater the mating ability, the greater the reduction in vegetative fitness in the presence of a mating partner. Compared to the original clones, all 16 MA lines at generation 600 showed reduced mating abilities and had lower costs of interacting with mating partners. In addition, assuming the absence of a mating partner-specific interaction effect on the cost of sex, the reductions in the cost of sex observed here among the MA clones were partitioned into that responding to mating partners and that exerting on mating partners.
The assumption for the absence of a mating partner-specific interaction effect in this study is highly tentative and may not be applicable to natural strains in C. neoformans. As in other eukaryotes, sexual mating in C. neoformans is a highly interactive and complex process and many of the genes and their interactions involved in this process remain to be identified and quantified. However, for several reasons, the analyses conducted here are informative.
First, though the relative amounts are unknown, under nitrogen-limiting conditions, strains of both MATa and the MATα may produce and secrete pheromones on their own, in the absence of a mating partner. Therefore, at least parts of the mating and sexual reproductive pathway in this fungus may be independent of mating partners. Indeed, given sufficient time and suitable condition, MATα strains may undergo haploid fruiting (Wickes et al. 1996) . Second, the MA clones used here were all isogenic to their progenitors except at the loci where new mutations have accumulated. Because each progenitor and its MA-derived clones were all mated to the same original clone of opposite mating type (also isogenic), it is therefore reasonable to assume that changes in both sexual and asexual fitness of the MA clones and their mating partners were due to the accumulated mutations. It is highly possible and likely that using totally different mating partners would result in different estimates of mating abilities and the costs of such interactions. Unfortunately, as far as I know, no natural strain with suitable genetic markers is available in C. neoformans var. neoformans to allow comparable analyses and test the possibility of mating partner-specific interaction effect on this cost of sex.
In a preliminary screening using JXC4 (to replace the original JEC50 clone) and JEC61 (to replace the original MCC3 clone) as mating partners for eight of the 16 MA clones from generation 600, we found no significant difference in any of the estimates and no mating partner-specific interaction effect (data not known). This is not surprising given that JXC4, JEC50, JEC61, and MCC3 are all isogenic except at the indicated loci.
Similar to results from a previous analysis using YEPD medium on the same MA clones (Xu 2002) , we found no significant correlation between vegetative fitness in the absence of an active mating partner and mating ability on SS∆N agar. This was expected because these MA clones were derived in the absence of selection and mutations for different fitness components were allowed to accumulate freely and independently. However, in nature, selective forces might have favored either vegetative fitness or mating ability and a negative correlation between these two traits might exist, therefore, the result observed here might not be found in natural populations of C. neoformans. At present, the lack of suitable genetic markers among natural strains prohibits such an investigation. Indeed, investigations on the green alga Chlamydomonas reinhardtii, higher plants, and animals have identified that sexual and asexual fitness often showed negative correlations (Bell and Koufopanou 1986; Da Silva and Bell 1992; Scheiner et al. 1989) .
In contrast to the lack of correlation between vegetative fitness in the absence of active mating partners and mating ability, a negative correlation was observed between vegetative fitness in the presence of active mating partners and mating ability among the MA clones (Harris 1989) , and the slime mold Dictyolstelium discoidium (Urushihara 1996) . Because natural environments likely have only a limited supply of essential nutrients such as nitrogen during the growths of most microorganisms (including C. neoformans), the conditions for mating might be prevalent.
As a result, while this cost of sex may be small initially, it might have been prevalent and must have been compensated for by the production of sexual progeny to allow the origin, persistence and spread of sexual reproduction in facultative sexual microbes, and subsequently to obligate sexual eukaryotes. All values represent the means + standard deviations of 8 repeats.
1 , there was no difference between the two negative treatment groups: one group with only one strain and the other group with a strain of the same mating type but different auxotrophic markers (See Materials and Methods for details of the two treatment groups).
2 , the cost of sex is calculated as (Gp-Ga)/Ga, where Gp is the generation time in the presence of active mating partners and Ga is the generation time in the absence of active mating partners (see Materials and Methods for details). 
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